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1. ZUSAMMENFASSUNG 
 
Die Proteinkomplexe der DNA-Replikation und der Transkription verwenden die selben 
DNA-Matrizen, wodurch es zu Kollisionen zwischen beiden Maschinerien kommen kann. 
Dies begünstigt die Ausbildung sog. ko-transkriptioneller R-loops, die ihrerseits die DNA-
Replikation blockieren. Immer mehr Beobachtungen weisen darauf hin, dass R-loop-
induzierte Transkriptions-Replikations-Konflikte (TRK) eine wesentliche endogene Ursache 
für Genominstabilität, einem Hauptcharakteristikum der Krebsentstehung, sind. Trotz grosser 
Fortschritte im Verständnis der zellulären Strategien zur Verhinderung von TRK, sind die 
molekularen Mechanismen, die einen Neustart blockierter Replikationgabeln an Orten von 
TRK ermöglichen, noch ungeklärt. In Säugetierzellen beobachtet man TRK gehäuft in 
bestimmten Genregionen, den sog. "Common fragile sites" (CFSs). Diese liegen in sehr 
grossen Genen, deren Transkription länger als einen Zellzyklus andauert. CFSs werden in der 
späten S-Phase repliziert und manifestieren sich unter mildem Replikationsstress in Form von 
Brüchen oder Lücken an den Chromatiden von Metaphase-Chromosomen. Es ist bekannt, 
dass diese Art des Replikationsstresses an CFSs eine DNA-Reparatursynthese in der frühen 
Mitose induziert, wodurch eine fehlerhafte Trennung und Aufteilung der Chromosomen 
vermieden werden kann. Neuere Studien postulieren, dass es sich bei dieser mitotischen 
DNA-Synthese (MiDAS), an der die MUS81-EME1-Endonuklease, das SLX4-Gerüstprotein, 
RAD52 und POLD3 beteiligt sind, um eine konservative Form der DNA-Replikation, ähnlich 
der Bruch-induzierten Replikation (BIR) handelt. In dieser Arbeit identifizierten wir die 
RECQ5-Helikase als Bestandteil von MiDAS. Indem RECQ5 die RAD51-Filamente von 
blockierten Replikationsgabeln an CFSs entfernt, wird die Spaltung der Gabel durch MUS81-
EME1 erleichtert und MiDAS induziert. Hauptsächlich konnten wir aufklären, dass der 
RECQ5-MUS81-SLX4-RAD52-POLD3-Weg den Neustart der blockierten Replikationsgabel 
in Bereichen mit R-loop induzierten TRKs in der S-Phase vermittelt. Darüber hinaus zeigten 
wir, dass während S-Phase und Mitose der Neustart der DNA-Synthese an R-loop-
blockierten Replikationsgabeln sowohl vom DNA-Ligase 4 (LIG4)-XRCC4-Komplex als 
auch von aktiv stattfindender Transkription abhängig ist und in Form der semi-konservativen 
DNA-Replikation fortgesetzt wird. Schliesslich konnten wir nachweisen, dass der Neustart 
einer durch R-loops blockierten Replikationsgabel durch die Regression dieser Gabel 
verhindert wird. Diese Behinderung in Form der umgekehrten Replikationsgabel wird durch 
die RECQ5-DNA-Helikase überwunden. Unsere Beobachtungen erlauben die Entwicklung 
eines Modells, in dem die Blockierung von Replikationsgabeln durch ko-transkritionelle R-
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loops ein aktiver Prozess ist, in welchem die RAD51-vermittelte Umkehr der 
Repliaktionsgabel dem MUS81-abhängigen Neustart der semikonservativen DNA-
Replikation entgegenwirkt. Der Wechsel von Blockierung der Replikationgabel hin zu einer 
Wiederaufnahme der Replikation wird durch die RECQ5-Helikase ermöglicht. Diese entfernt 
die RAD51-Filamente von der blockierten Replikationsgabel und ermöglicht es der MUS81-
EME1-Endonuklease die Replikationsgabel zu schneiden. Dadurch verringert sich die 
topologische Drehspannung, die durch die konvergierenden Transkriptions- und 
Replikationkomplexe verursacht wurde, und ermöglicht die Reaktivierung der Transkription. 
Nach dem Durchlauf der RNA-Polymerase kann die Replikationsgabel wieder hergestellt 
werden, indem unter RAD52-Einwirkung die parentalen DNA-Stränge wieder re-annealen 
und der LIG4-XRCC4-Komplex den Einzelstrangbruch am parentalen DNA-Doppelstrang 
religiert. Der von POLD3 initierte Wiederaufbau des Replisoms ermöglich die 
Wiederaufnahme der semikonservativen DNA-Replikation. Diese Dissertation liefert 
mechanistische Erkenntnisse zu Prozessen, die die DNA-Replikation von Genen 
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2. SUMMARY 
 
As DNA replication and transcription machineries utilize the same DNA template, they can 
collide with each other, leading to the formation of co-transcriptional R-loops and subsequent 
replication fork stalling. Accumulating evidence suggests that R-loop-mediated transcription-
replication conflicts (TRCs) represent a major endogenous source of genomic instability, a 
hallmark of cancer. Despite significant progress in understanding the cellular strategies that 
evolved to prevent TRCs, the molecular mechanisms underlying the restart of stalled 
replication forks at sites of R-loop-mediated TRCs remain unclear. In mammalian cells, 
TRCs recurrently occur at specific genomic loci, termed common fragile sites (CFSs), that 
are located within very long genes whose transcription takes longer than one cell cycle. CFSs 
are replicated late in S-phase and manifest as chromatid breaks or gaps on metaphase 
chromosomes following mild replication stress. Interestingly, it has been shown that this 
form of replication stress induces a DNA-repair synthesis at CFSs, which occurs in early 
mitosis and serves to prevent chromosome missegregation and non-disjunction. This mitotic 
DNA synthesis (MiDAS) requires MUS81-EME1 endonuclease, SLX4 scaffold protein, 
RAD52 and POLD3, and is proposed to represent a conservative form of DNA replication 
akin to break-induced replication (BIR). Here, we identify RECQ5 DNA helicase as a factor 
involved MiDAS. We have found that RECQ5 eliminates RAD51 filaments from stalled 
replication forks at CFSs and thereby facilitates fork cleavage by MUS81-EME1, which 
initiates MiDAS. Importantly, our work revealed that the RECQ5-MUS81-SLX4-RAD52-
POLD3 pathway also mediates the restart of stalled replication forks at sites of R-loop-
mediated TRCs in S-phase. Moreover, we have found that the restart of DNA synthesis at R-
loop-stalled replication forks in S-phase or in mitosis depends on the DNA ligase 4 (LIG4)-
XRCC4 complex and active transcription, and is followed by the semiconservative form of 
DNA replication. Finally, we have obtained evidence that the restart of R-loop-stalled 
replication forks is antagonized by replication fork reversal, which is counteracted by RECQ5 
DNA helicase. Taken together, our data suggest a model wherein replication fork stalling by 
co-transcriptional R-loops is an active process involving RAD51-mediated fork reversal, 
which counteracts MUS81-dependent restart of semiconservative DNA replication. The 
switch from replication fork stalling to restart is mediated by RECQ5 helicase that eliminates 
RAD51 filaments from stalled replication fork prior to the next round of fork reversal to 
promote fork cleavage by MUS81-EME1 endonuclease. This relieves the topological 
constraints generated by converging transcription and replication complexes, allowing for 
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reactivation of transcription. After RNA polymerase passage, replication fork is re-
established by RAD52-mediated re-annealing of the parental DNA strands and ligation of the 
nick in the parental DNA duplex by LIG4-XRCC4 complex. Further, POLD3-dependent 
replisome reloading reestablishes semiconservative DNA replication. Thus, this thesis work 
provides mechanistic insights into the processes that facilitate the progression of DNA 
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3. INTRODUCTION 
3.1. Eukaryotic DNA Replication 
DNA replication is a fundamental process of the cell that ensure accurate duplication of 
genetic information and it is crucial to cell proliferation. The basic machinery of DNA 
replication is highly conserved from prokaryotes to eukaryotes. However, the replication of 
substantially longer segments of eukaryotic DNA in coordination with various internal and 
external signals happens under more complex and diverse strategies. Eukaryotes carry out 
semiconservative mode of DNA replication[1]. In eukaryotes, DNA replication majorly 
occurs during the S-phase of the cell and can be divided into three general phases: (1) 
initiation phase, in which the origin of DNA replication is unwound by the replicative 
helicases; (2) elongation phase, where DNA replication machinery copies the genetic 
information; (3) termination phase, in which converging replication forks meet and replisome 
components are unloaded. 
 
3.1.1. Intiation of DNA relication  
 
The genomic sites where DNA replication is initiated are known as DNA replication origins 
[2, 3]. In general, the number of origins correlates with the size of the genome, thereby 
ensuring the chromosome duplication on a physiologically manageable time scedule [4]. In 
bacteria and certain archea, replication initiation majorly happens at one start site [5, 6], 
whereas chromosomes of some arecheal [6] and all eukaryotic genomes posses multiple 
origins. For example, 12.1 million base pairs of Saccharomyces cerevisiae  and 3.2 billion 
base pairs of  Homo sapiens genome contain 400 and 30,000-50,000 origins respectively [7].  
          S. cerevisiae AT-rich, autonomous replication sequences (ARSs) function as 
replication start sites [8, 9]. The ARS contains several essential elements, the most important 
one is the twelve basepair "A element", which constitutes the ARS consensus sequence and 
represents the genomic locus to where origin recognition complex (ORC) is recruited [10-
12].  Unlike  S. cerevisiae ORC, which shows a degree of sequence-specific binding, 
metazoans ORC binds DNA promiscuously [13, 14]. Metazoan origins are highly enriched 
with G-rich sequences and CpG islands [15-17] (Figure 1). Recently published data suggest 
that ORC may preferentially associate with G-rich elements [18, 19], suggesting that 
conserved structural features in the DNA rather than specific consensus sequences may 
Introduction 
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govern ORC binding at DNA replication initiation sites in metazoans. Eukaryotes possess 
excess replication origins than needed in each cell cycle. The origins can be classified into 
three classes [20]: (1) origins used all the time (constitutive origins); (2) origins used in a 
stochastic manner (flexible, most of the origins come under this class), and (3) origins used in 




Figure 1: Summary of the elements that have been found in eukaryotic DNA replication 
origins. These features play a crucial role in the selection of origins for the DNA replication 
intiation [20]. 
 
DNA replication origin licensing happens during the G1 phase of the cell cycle by sequential 
loading of the pre-replication complex (pre-RC) components [21]. First, the ORC  
(comprising six subunits ORC1-6) is recruited to origins, followed by the binding of CDC6 
(cell division cycle) and CDT1 (CDC10-dependent transcript). The origin licensing finishes 
by loading the mini-chromosome maintenance (MCM) helicase complex (contains six 
subunits MCM2-7). MCM recruitment to the origins can only take place if ORC, CDC6 and 
CDT1 are alreaday bound to origins [22, 23]. Replication origin activation happens during 
G1-S phase transition. This involves the formation of pre-initiation complex (pre-IC) and 
activation of MCM helicase complex. Cdc7/Dbf4 kinase (DDK) and cyclin-dependent kinase 
(CDK) phosphorylate several other replication factors [MCM10, CDC45, RECQL4 DNA 
helicase, treslin, GINS (Sld5, Psf1, Psf2 and Psf3 complex), DNA topoisomerase 2-binding 
protein 1 (TOPBP1) and DNA polymerase ε (pol ε)] and  help to recruit them to the licensed 
origins [23-26]. CDK and DDK also phosphorylate several residues within the MCM2-7 
complex, leading to helicase activation and DNA unwinding. At this point, the active DNA 
helicase consists of CDC45, MCM2-7, and GINS, and is called CMG complex. Activation of 
the helicase leads to recruitment of other key proteins such as replication factor C (RFC), 
proliferating cell nuclear antigen (PCNA), replication protein A (RPA) and other DNA 
polymerases, converting the  pre-IC into two functional replication forks that move in 
opposite directions from the activated replication origin (Figure 2). 
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Figure 2: Eukaryotic DNA replication origin licensing and activation. DNA replication 
initiation happens in two steps. First, the assembly of pre-RC at origins during the G1 phase 
called origin licensing. Second, conversion of pre-RC into the pre-IC and activation of 
replicative helicase which happens during G1-S phase transition and is called origin 
activation [27]. 
Introduction 
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3.1.2. DNA chain elongation 
 
After the completion of replisome assembly, movement of active CMG helicase at activated 
origin leads to the formation of two active forks that move in opposite directions. Movement 
of CMG helicase at replication forks leads to unwinding of double-stranded DNA (dsDNA) 
generating single-stranded DNA (ssDNA) template [28]. Further, RPA is loaded on the 
ssDNA, which provides sites for priming by DNA polymerase α (Pol α)-DNA primase 
complex [29] for leading and lagging strand synthesis. It has been shown that MCM10 and 




Figure 3:  Schematic model of replication fork where DNA polymerase ε synthesizes leading 
strand and DNA polymerase δ synthesizes lagging strand [31]. 
 
Once the priming is completed, RFC and PCNA play a crucial role in the switch from Pol α 
to more processive DNA polymerases δ and ε [32, 33] (Figure 3). The leading strand is 
synthesized by Pol ε, while the lagging strand, which is composed of Okazaki fragments, is 
synthesized by Pol δ [34, 35]. However, recent studies suggest that Pol δ may also play 
important role in the leading strand synthesis [36-38]. When the 3'-end of one Okazaki 
fragment reaches 5'-end of another one, Pol δ carries out strand displacee synthesis leading to 
the formation of a flap-like structure which is processed by flap endonuclease 1 (FEN1) [28, 
39]. Occasionally, excess strand displacement synthesis leads to the formation of long 5' 
flaps, which are processed by DNA defective protein 2 (DNA2) nuclease [40, 41]. After the  
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removal of RNA primer, DNA nicks on lagging strand are ligated by DNA ligase 1 [42]. 
Unwinding of DNA strands during DNA replication elongation leads, due to the lack of free 
rotation of DNA ends, to accumulation of positive DNA supercoiling ahead of the replication 
fork. These supercoils can induce topological stress which acts as a blockade for the 
replication fork progression. However, cells are equipped with the family of proteins called 
DNA topoisomerases to relieve this topological stress. The replisome associated 
topoisomerase 1 (TOP1) plays crucial role in the removal of topological stress created during 
the replication progression [43-45].   
 
3.1.3. Termination of DNA replication  
 
Although DNA replication initiation and chain elongation have been well studied, there is 
only little known about termination. Recent genome-wide studies in yeast and mammalian 
cells suggest that termination of DNA replication generally occurs midway between two 
active origins. Although most of the eukaryotic termination events occur at non-specific sites, 
there are few termination events which are site-specific such as termination events at 
ribosomal DNA (rDNA) locus and telomeric region [46-48]. Based on current knowledge 
about DNA replication termination, there have been few speculative models proposed. (A) 
Two helicases collide with each other at converging replisomes leading to the disassembly of 
both replisomes. (B) Sequential removal of converging replisomes. The collision between 
two converging replisomes leads to removal of one replisome while the other finishes 
replication of remaining DNA. (C) It is possible that the converging helicases may cross each 
other at termination sites. The replisome may be disassembled once it reaches last Okazaki 
fragment of lagging strand, by unloading ubiquitylated CMG helicase, which is mediated by 
the ATPase p97 ( also known as VCP) [49-52] (Figure 4), and the new sister chromatids are 
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3.2. DNA replication stress 
 
The faithful duplication and successful transmission of genetic information from parent to 
progeny are central to the healthy survival of organisms. To ensure the high degree of 
accuracy, DNA replication is carried out under control of stringent surveillance mechanisms 
involving a complex number of biological molecules. DNA replication is constantly 
challenged by various factors from endogenous and exogenous sources, leading to a 
condition termed DNA replication stress, which is defined as slowing or stalling of 
replication fork progression. Cells have evolved an array of mechanisms to deal with 
different kinds of DNA damage to ensure the genome integrity during DNA replication [54]. 
Defects in these mechanisms lead to genomic instability, which is a hallmark of cancer [55]. 
Replication stress has been identified as an early step in the tumorigenesis. Since replication 
stress is not common in somatic cells but is a frequently observed feature in precancerous and 
cancer cell,  it could be a potential target for cancer therapy [56]. Therefore, it is importannt 
to uderstand the causes of replication stress and the cellular pathway involved in dealing with 
it. 
 
3.2.1. Causes of DNA replication stress 
 
The DNA replication process is constantly challenged by various insults from exogenous and 
endogenous sources (Figure 5). Exogenous DNA damage can be caused by several physical 
and chemical agents. Examples of physical genotoxic agents are ionizing radiation (IR) (from 
cosmic rays, X-rays, and γ-rays), which can induce oxidation of DNA bases and generate 
single-stranded and double-strand DNA breaks (SSBs and DSBs, respectively), and 
ultraviolet (UV) light from sunlight, which can induce DNA lesions like pyrimidine dimers 
and 6-4 photoproducts. Chemical agents used in chemotherapy of cancer can cause a variety 
of DNA lesions: alkylating agents such as temozolomide and methyl methanesulfonate 
(MMS) attach alkyl groups to DNA bases; crosslinking agents such as mitomycin C (MMC), 
cisplatin, psoralene  and nitrogen mustard introduce covalent links between bases of the same 
DNA strand (intrastrand crosslinks) or between bases of two different DNA strands 
(interstrand crosslinks or ICLs). Other cancer therapeutic chemicals like topoisomerase I 
inhibitors (camptothecin and topotecan) and topoisomerase II inhibitors (etoposide) induce 
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Figure 5: Various endogenous and exogenous source of replication stress [57]. 
 
          Various endogenous processes also generate obstacles to replication fork progression.  
For example, misincorporation of  ribonucleotides into DNA can block replication in the next 
cells cycle [58-61]. Reactive oxygen species (ROS) originating from normal cellular 
metabolism can cause oxidation of DNA bases and DNA breaks [62, 63]. Genomic regions 
with highly repetitive sequences  (microsatellites, minisatellites, and high-copy-number 
transposable elements), and non-canonical B-DNA conformations, such as left-handed Z-
DNA, hairpins, cruciforms, intra-molecular triplex DNA and G-quadruplexes, act as 
roadblocks for the replication fork progression [64-66]. DNA replication requires numerous 
factors, and their limitation leads to replication stress. These factors include nucleotides, 
components of replisome, histones and histone chaperons [67-70]. Recent studies suggest that 
overexpression of oncogenes such as HRAS, c-MYC, CDC25A and cyclin E  leads to 
replication stress caused by an increase in the origin firing, which leads to depletion of 
nucleotide pools and transcription and replication collisions (TRCs) [71-74]. Head-on 
transcription-replication conflicts induce co-transcriptional R-loops (a three-stranded nucleic 
acid structure containing RNA-DNA hybrid), which acts as a potent roadblock to replication 
fork progression [75].  
 
3.2.2. Response to DNA replication stress 
DNA replication process is well regulated from the beginning (origin licensing and 
activation) to the end (replication termination). However, as mentioned previously, DNA 
replication progression is constantly challenged by various agents, which may lead to 
replication stress. Sensing DNA replication stress and dealing with its consequences is 
critical for the maintenance of genomic integrity.  
Introduction 
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          Replication fork stalling leads to uncoupling of leading and lagging strand synthesis, 
which results in single-stranded DNA (ssDNA) accumulation and/or  double-stranded breaks 
(DSBs). In mammals, DSBs activate the ataxia telangiectasia mutated (ATM) kinase, 
whereas ssDNA coated with single-stranded binding protein replication protein A (RPA) 
activates the ataxia telangiectasia and Rad3-related (ATR) kinase via its interaction partner 
ATR-interacting protein (ATRIP). Although RPA-coated ssDNA may be sufficient to 
localize the ATR-ATRIP complex, it is not sufficient for the activation of ATR. ATR 
activation depends on proliferating cell nuclear antigen (PCNA) like complex Rad9-Rad1-




Figure 6: DNA replication stress-associated DNA damage response [77]. 
 
          Upon recognition of DNA damage, the  sensor kinases ATR and ATM immediately 
activate downstream signaling pathways by phosphorylating histone variant H2AX at Ser139 
(one of the first signaling step that helps to recruit respective DNA damage repair proteins) 
and the effector kinases Chk1 and Chk2, respectively. These kinases regulate several other  
downstream factors to maintain genome stability by stabilizing stalled replication forks, 
blocking late origin activation, cell cycle arrest, transcription activation and apoptosis driven 
by p53 activation. Further, DNA damage response (DDR) kinases activate different repair 
pathways such as homologous recombination (HR), translesion DNA synthesis (TLS) and the 
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Fanconi anaemia (FA) pathway (Figure 6). However, further studies are needed for detailed 
understanding of DNA replication stress sensory and repair pathways, and also synthetic 
interactions between different repair pathway, which may pave the way to design drugs for 
the therapeutic purpose [54, 77]. 
 
3.3. Interference between DNA transcription and replication 
DNA transcription and replication machinery share the same template, wich creates the 
potential for transcription-replication conflicts  (TRCs). TCRs are one of the several 
endogenous sources of replication stress [57]. Failure to resolve TRCs leads to accumulation 
of aberrant replication and transcription intermediates that might have adverse effects on 
genome stability.  
        Depending on which DNA strand serves as the template for RNA polymerase, TRCs 
occurs in two orientations: co-directional TRCs, where transcription machinery moves in the 
same direction (leading-strand genes) as the replication machinery or head-on (lagging-strand 




Figure 7: Schematic representation of head-on and co-directional transcription-replication 
conflicts [78]. 
 
Studies in both bacteria and eukaryotic cells suggest that head-on collisions are much more 
detrimental to replication fork movement and genome stability than co-directional collisions. 
Cells have developed various strategies to reduce or prevent head-on collisions. In case of 
bacteria, there is genome-wide bias towards the co-directional replication and transcription 
[79, 80]. In eukaryotes, the situation is more complicated because of larger genome harboring 
multiple replication origins. To limit the TRCs, these two complex and key processes of the 
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cell are spatially and temporally separated in the nucleus of the cell [81]. However, several 
recent studies have suggested that in certain conditions and at specific regions of the genome, 
TRCs are unavoidable not only in eukaryotes but also in bacteria [57, 75, 82-85]. 
 
3.3.1. Sources of transcription-replication conflicts 
All dividing cell must endure frequent collisions between transcription and replication 
complexes, which occupy the same template DNA strand and function at the same time. 
TRCs can be enhanced or promoted by various conditions and factors in the cell.  
 
3.3.1.1. Backtracked and stalled RNA polymerases 
Although head-on collisions are detrimental to the cell genome stability, co-directional 
collisions can also be problematic, particularly when active replication fork progression is 
challenged with persistent transcriptional blocks rather than a normally elongating RNAP 
complex. During transcription, RNAP may pause either as part of a general transcription 
regulatory checkpoint mechanism (promoter-proximal pausing) or in response to obstacles 
(DNA-protein adducts, DNA lesions and difficult to pass through DNA sequences) or 
misincorporated nucleotides that cause polymerase backtracking and polymerase stalling. 
This results in dislodge of the 3'-end of nascent RNA from the active site, trapping RNAP in 
highly stable and transcriptionally inactive state [86], which can hinder replication 
progression. Backtracked or arrested transcription complexes may also block other RNAPs 
on the same DNA template, leading to accumulation of a large array of stalled RNAPs 
especially at highly transcribed genes [85, 87]. These situations may promote TRCs with the 
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                    b 
 
Figure 8: (a) In response to an obstacle, RNAP may backtrack and pause and impede 
replication fork progression. (b) Backtracked or stalled RNAP may also block other RNAPs 
on the same DNA template, leading to the accumulation of an array of stalled RNAPs, which 
can hinder replication fork progression [88]. 
 
3.3.1.2 Topological stress 
The double-helical structure of DNA suggests that majority of the DNA transactions lead to 
the generation of torsional energy. Transcription and replication need the unwinding of DNA 
strands. In transcription, DNA unwinding leads to positive and negative supercoiling ahead 
and behind the RNA polymerase, respectively. In case of DNA replication, DNA unwinding 
leads to the generation of positive supercoils head of the replisome (Figure 9a). The 
topological stress created during biological processes cannot simply diffuse by free rotation 
of DNA. The rotation of the DNA is impeded by the various factors, like nucleosome 
organization, DNA loop formation and its interaction with the nuclear envelope. For 
example, recent studies suggest that nascent RNA can become tangled around template DNA 
and form a loop during nuclear export [89, 90]. These loops can hinder the release of 
topological stress created from incoming replication fork and thus act as a roadblock for the 
replication fork progression (Figure 9b). However, to resolve this topological stress, cell are 
equipped with DNA topoisomerases, which are classified as type I or II depending on 
whether they catalyze the breakage of one or both DNA strands, respectively. In eukaryotes, 
majorly TOP1 and TOP2 play a crucial role in preventing TRCs by resolving topological 
stress [91-94]. 
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             b 
 
 
Figure 9: (a)  The head-on collision of transcription and replication leads to the accumulation 
of positive supercoils, which can block replication fork progression. (b) Nascent RNA may 
get trapped in the nuclear pore complex during the nuclear export, which can impede 
replication fork progression [88, 95]. 
 
3.3.1.3. RNA-DNA hybrids (R-loops) 
R-loops are three stranded nucleic acid structures composed of an RNA-DNA hybrid and a 
displaced ssDNA (Figure 10). Initially, R-loops have been identified in bacteria [96]. Later 
on they have been identified in many eukaryotic organisms ranging from yeast to humans. 
Genome-wide mapping R-loops in yeast and mammalian cells have shown that R-loops can 




Figure 10: Schematic representation of RNA-DNA hybrid (R-loop) structure [99]. 
          Recent studies have shown that R-loops play a crucial role in various biological 
processes like gene regulation [100], transcription termination [101], repair of DNA double-
stranded breaks [102, 103], immunoglobulin class switch recombination [104], which are 
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necessary for the healthy survival of the organism. However, under certain genetic or 
pathological conditions, R-loops can cause transcription-replication conflicts and genomic 
instability.       
         Several recent studies have shown that absence of several nascent mRNA processing 
and mRNA nuclear export factors  (ASF/SF2, SETX, AQ and THO/TREX) leads to R-loop 
formation and slowdown of transcription elongation, which enhances TCRs and genomic 
instability [101, 105, 106].  
          Higher levels of R-loops in the cells have been shown to correlate with increased 
histone H3 phosphorylation at Ser-10 (a mark of chromatin condensation) at centromeres, 
pericentromeric regions and at several other open reading frames (ORFs). Highly condensed 
chomatin may slowdown transcription or replication process by which it may affect the 
spatial and temporal organization of these key biological processes, which may induce TCRs 
[107, 108] (Figure 11a).  
          Transcription and replication processes need unwinding of DNA strands, which leads 
to the accumulation of supercoils and topological stress. This topological stress is generally 
relieved by topoisomerases. Several recent reports suggest that cells lacking topoisomerases 
suffer from replication stress and genomic instability. This is significantly suppressed by 
inhibition of transcription elongation with cordycepin or by RNase H1 overexpression, 
suggesting that accumulation of topological stress leads to TRCs and co-transcription R-loops 
[93]. 
           The process of R-loop formation involves a competition between the nascent RNA and 
non-template DNA strand to hybridize with template DNA. Therefore, RNA-DNA hybrid 
formation should be thermodynamically more favorable than reannealing of the DNA duplex. 
Indeed, previous studies showed that synthetic RNA-DNA hybrid structures with high RNA-
purine/DNA-pyrimidine ratio are more stable than DNA-DNA duplex [109, 110]. 
 
            Genomic regions harboring clusters of G-rich sequences on non-template DNA strand 
have the potential to fold into highly stable non-B DNA secondary structures called G4 DNA. 
Recent studies also suggest that G-quadruplexes are highely stable, and can be detected by 
immunostaining and imnuprecipitation sequencing analysis of human genomic DNA [111-
113]. The high stability of G4 DNA may help to stabilize ssDNA in R-loop structure, making  
it speculate that G4 DNA on non-template DNA strand may facilitate co-transcriptional R-
loop, which leads to TRCs and replication slowdown  (Figure 11b).  
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Figure 11: (a) R-loops facilitate chromatin condensation, marked by histone H3 
phosphorylation at Ser-10. Condensed chromatin may hinder replication fork progression. (b) 
G-quadruplexes may form during transcription and facilitate formation of co-transcriptional 
R-loops, which leads to TRCs [88]. 
 
At certain genomic loci, TRCs are unavoidable. These include long genes which undergo 
transcription for longer than one cell cycle. Some of these long genes overlap with common 
fragile sites (CFSs), genomic loci that replicate during the late S-phase and are hot spots for 
chromosomal instability. The associate of long genes with CFSs suggests a possible role of 
transcription in CFS fragility. Indeed, it has been shown that TRCs associated with R-loop 
formation induce fragility of certain CFSs [114]. Another class of fragile sites is known as 
early-replicating fragile sites (ERFSs). ERFSs are found in actively transcribed genes 
replicated in early S-phase of the cell cycle. Based on recent studies, it is tempting to 
speculate that TRCs may account for the fragility of ERFSs [115]. 
 
3.3.1.4 Overexpression or constitutive activation of oncogenes 
Healthy cells become cancerous through a complex process known as oncogenic 
transformation, which is driven by various factors, including altered expression of oncogenes. 
A proto-oncogene is a gene that under unperturbed conditions generally encodes a protein 
that plays a crucial role in cell growth, differentiation or apoptosis. Expression of proto-
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oncogene can be misregulated either through  point mutations, copy-number amplification or 
chromosomal translocations, which leads to an activated oncogene. Overexpression or 
constitutive activation of oncogenes lead to increased transcriptional activity, increased origin 
firing, origin refiring and premature entry into S-phase, which may promote TRCs and 




Figure 12: Mechanism of oncogene-induced replication stress mediated by TRCs. During the 
normal G1-phase, transcription progressively erases intragenic origins, which leads to the 
origin firing restricted to intergenic regions during the S-phase. Upon oncogene activation, 
cells enter prematurely into S-phase without proper inactivation of intragenic origins. This 
promotes replication initiation in highly transcribed genomic regions, leading to TRCs, 
replication stalling and genomic instability [118].  
 
3.3.2 Mechanisms to prevent transcription-replication conflicts 
TRCs are detrimental to genome stability. Therefore cells have evolved with various 
mechanisms to prevent TRCs. In prokaryots that have circular genome and cannot avoid 
TRCs, highly transcribed and essential genes are co-oriented with replisome [119]. This 
mechanism is also suggested for eukaryotes [120]. Eukaryotes also evolved other 
mechanisms like a spatiotemporal organization of transcription and replication, and 
mechanisms associated with these processes may play a crucial role in avoiding TRCs. 
          During the S-phase of the cell cycle, eukaryotes spatiotemporally organize replication 
and transcription programs of their genome to avoid TRCs (Figure 13). For example, in 
human rDNA gene clusters, transcriptionally active rDNA genes replicate early in S-phase 
and silent rDNA genes replicate during late S-phase [121]. Recently, nascent RNA capture 
assay at the global genome level showed that transcription and replication initial timing is 
anti-correlated [122]. These published data suggest that higher eukaryotes coordinate 
transcription and replication in the nucleus spatially and temporally. 
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Figure 13: Spatiotemporal separation of transcription and replication during the S-phase of 
the cell cycle in the nuclei of mouse 3T3 cells. Active sites of DNA replication and 
transcription are marked with digoxigenin-dUTP and BrUTP, respectively [78]. 
 
3.3.2.1 Co-transcriptional mechanisms to prevent TRCs 
Since transcription and replication read through same template DNA strand, transcription 
may create different forms of roadblocks which may interfere with replication fork 
progression (figure 14a). However, recent studies suggest that cells have evolved with 
various mechanisms to resolve transcription blocks. 
 
Reactivation of backstracked or stalled RNAP complexes 
Cells may have evolved with various mechanisms, which can promote RNAP mediated 
transcription elongation and reactivate backtracked or stalled RNAPs. In case of prokaryotes, 
the absence of nuclear membranes allows simultaneous happening of transcription and 
translation, during which ribosomes are loaded on to the nascent RNA strand as soon as it is 
evicted from RNAP active site. This can efficiently control the spontaneous RNAP 
backtracking and increases the rate of transcription elongation [82, 123]. There may be other 
factors which can suppress RNAP stalling. For example, GreA and Gre B promote the 
cleavage of the displaced transcript in backtracked RNAP, producing 3`-OH end to resume 
transcription [124]. A recent study revealed that misincorporated nucleotide removal by 
DksA plays a crucial role in preventing pausing and backtracking of RNAPs [125].  
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            Studies in eukaryotes have shown that stimulator of Pol II transcription elongation 
factor (TFIIS) has functional similarities like GreA, GreB, and DksA, by which it can 
promote transcription fidelity and reduce stalling of RNAPs [126, 127]. Human RECQL5 can 
interact with RNA-Pol II and control its speed. RECQL5 absence leads to an increase in the 
RNA-Pol II speed, chromosomal rearrangements, and genomic instability [128, 129] (Figure 
14b). Together, all these findings suggest that transcription rates must be well controlled. 
Failure to do so may lead to reduced or increased transcritpion rates which can interfere with 
DNA replication.  
 
Removal of RNAP complexes 
A variety of endo and exogenous agents can cause lesions in the template DNA strand which 
could potentially block the RNAP progression and cause TRCs. Prokaryotes use two 
nucleotide excision repair (NER) factors UvrD translocase and Mfd which pull back RNAP 
from the damaged site and removes stalled RNAP, respectively, which provides access to 
other NER factors to repair the lesions [130, 131]. In the case of eukaryotes, transcription 
coupled-NER (TC-NER) pathway plays a crucial role in the repair of lesion in actively 
transcribed genes [132]. This pathway also involves the removal RNAP from the sites of 
lesions and recruitment of further proteins that play a role in repair-dependent DNA 
synthesis. If, TC-NER fails, permanently stalled RNAP II is poly-ubiquitylated and degraded 
by the proteosome-dependent pathway [133] (Figure 14c). 
          Recent studies have reported that yeast harboring mutant RNAP II with increased 
template DNA strand retention capacity display replication fork stalling [134]. Interestingly, 
TC-NER deficient human fibroblast cells showed increased levels of apoptosis during the S-
phase progression [135]. These studies suggest that permanently trapped RNAP II on 
template DNA strand may cause TRCs, which is detrimental to genome stability.  
 
Transcription termination and R-loop removal 
Immediate removal of RNAP II complex from the ends of genes can significantly reduce 
TRCs. In bacteria, absence of Rho hexameric helicase shown to play a crucial role in the 
transcription termination leads to the replication fork arrest and formation of DNA double-
stranded breaks [136]. Interestingly, recent studies have shown significant defects in 
transcription termination and RNA-DNA hybrid increase in cells harboring a catalytically 
inactive form of  Sen1 and its human homolog senataxin (SETX).  Formation of these stable 
transcription coupled R-loops may impede replication progression [101, 132] (Figure 14d). 
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Together, these studies suggest that inefficient transcription termination may increase the 
presence of transcript at the end of genes, allowing to form co-transcriptional RNA-DNA 










Figure 14: Transcription-associated mechanism to resolve TRCs. (a) RNAP complex 
associates with template DNA in different functional states, which could impede replication 
progression. (b-d) The different co-transcriptional mechanism that could prevent TRCs 
(modified model from [78]). 
 
          Mounting evidence from high-throughput genome-wide transcriptomic studies suggests 
that majority of the human genome is transcribed well beyond the known genes increases the 
possibility of RNA-DNA hybrids formation and resulting TRCs. However, the majority of 
these hybrids at transcription sites are suppressed or resolved by topoisomerases, RNaseH 
enzymes, endonucleases and RNA-DNA hybrid helicases. 
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3.3.2.2 Replication-associated mechanisms to prevent TRCs 
Recent evidence suggests that stalled transcriptional complexes or co-transcriptional RNA-
DNA hybrids can also act as a roadblock for the replication fork progression [75]. Therefore, 
mechanisms that stabilize and reactivate stalled replication forks may help to overcome 
TRCs. 
 
DNA replication assisting helicases 
Auxiliary helicases traveling with replication forks are found both in prokaryotes and 
eukaryotes. For example,  E. coli Rep and B. subtilis Pcr A have been shown to facilitate 
replication fork progression through RNAP bound template DNA strand [137, 138]. In case 
of eukaryotes, both yeast and human Pif 1 family helicases are enriched at highly transcribed 
genes. Interestingly, non-B DNA structure, like G-quadruplexes that can form co-
transcriptionally are substrates for Pif 1 family helicases and mammalian RTEL1 and, their 
absence leads to replication fork stalling [139-143]. Therefore, these helicases may help 
replication to progress successfully through the highly transcribed genes or co-
transcriptionally formed non-B DNA like structures. 
 
S-phase chekpoints 
In prokaryotes, the replication initiation process is well regulated, whereas there appears to be 
no checkpoint mechanism that monitors progress of  ongoing replication fork. If replication 
forks stall in bacteria, replication fork restarting factors are recruited to the sites of stalled 
replication forks and resume DNA synthesis by replacing replisome factors [85]. In case of 
eukaryotes, both origin firing and replication fork progression function under the stringent 
regulatory mechanism. Spatially and temporally well coordinated multiple eukaryotic origins 
are first recognized and licensed during the G1, further only a subset of them are activated 
once upon  entry into the S-phase of the cell cycle [21, 27, 144]. This mechanism may 
potentially prevent re-replication and TRCs. Eukaryotes evolved with multiple mechanisms 
to deal with replication stress. For example, although under normal conditions only subset of 
licensed origins are activated once per cell cycle, under replication stress a backup set of 
licensed origins can get activated to complete DNA synthesis in the vicinity of stalled 
replication forks [145, 146]. In eukaryotes, upon replication stress, ATR-mediated checkpoint 
is activated to complete the DNA synthesis by regulating cell cycle progression, origin firing, 
stabilizing stalled forks and promoting repair and restart of DNA synthesis [76]. Recent 
studies in eukaryotes also suggest that the ATR/Mec1-mediated checkpoint pathway is also 
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involved in coordinating transcription and replication. In yeast, studies have shown that 
highly transcribed genes are anchored to the nuclear pore to couple mRNA synthesis with 
mRNA export to cytoplasm. Despite such gene gating mechanism promotes rapid gene 
expression, it may also cause topological stress, which can inhibit replication fork 
progression. In yeast, Mec 1 and its downstream effector rad53, dislodge transcribed genes 
from nuclear pores by phosphorylating the nuclear pore protein Mlp 1, which leads to release 
of topological stress and reduction of possible TRCs [147]. Recent studies in mammalian 
cells revealed that ATR plays a crucial role in regulating the stability of CFS and ERFSs, 
which are frequently challenged by TRCs. Together, these studies point to the importance of 
S-phase checkpoints in minimizing or resolution of TRCs [148]. 
 
Resolution of TRCs 
Major consequence of TRCs is genomic instability, which is triggered by mechanical 
breakdown and improper segregation of under-replicated DNA or improper repair of DSBs 
generated at persistent TRCs. It is interesting to know what happens upon TRCs and how 
they are resolved. 
          Recent studies in eukaryotes revealed several possible mechanisms by which cells 
could resolve TRCs. Under normal conditions, co-directional bias in the genome may prevent 
TRCs and subsequent replication fork blockage. However, TRCs are unavoidable, under 
certain genetic or pathological conditions, at difficult to replicate genomic loci harboring 
sequences that could potentially form non-B DNA structures, and at long genes. Under these 
conditions, eukaryotes may deploy alternative mechanisms to resolve TRCs and complete 
DNA replication.  For example, stalled replication forks at sites of TRCs can be rescued by 
adjacent dormant origin firing. This backup mechanism might provide second chance to 
remove the transcription block and resume DNA synthesis. Previous studies have 
demonstrated that factors involved in DNA recombination (BRCA1 and BRCA2) and  
Fanconi anemia proteins (FANCA and FANCD2) play a crucial role in resolving R-loop-
mediated replication stress [149-152]. However, the mechanisms underlying these pathways 
are still elusive. Interestingly, recent studies have shown that replication stress leads to 
replication fork stalling and its convertion into chicken-foot like structure called reversed 
fork, which is mediated by RAD51 and DNA translocases (SMARCAL1, ZRANB3, and 
HLTF [153-156]) (Figure 15). Further, stalled replication forks have been shown to be 
stabilized and protected by RAD51, BRCA1, BRCA2, FANCA and FANCD2 from MRE11-
mediated degradation [157-159]. These studies may provide mechanistic connection between 
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fork stabilization and resolution of R-loops-mediated TRCs. It is possible that fork reversal 
and its stabilization may be a part a process leading to TRC resolution. Once the transcription 
block is removed, reversed forks can be unwound by RECQ1 helicase to resume DNA 




Figure 15: A speculative model of pathways leading to resolution of TRCs (modification of 
the model in [95]). 
 
 If the transcription complex persists at sites of TRCs, stalled replication fork could be 
restarted by break formation, followed by HR-mediated process or break-induced replication 
(BIR) that act on forks stalled by other means [161-164] (Figure 15). Interestingly, 
reactivation of DNA synthesis at stalled replication forks induced by TRCs at CFSs has been 
Introduction 
   27 
observed in mitotic prophase.  This mitotic DNA-repair synthesis known as MiDAS has been 
proposed to occur via a RAD51-independent micro-homology-mediated break-induced 
replication (MMBIR) process, which requires activities of the MUS81-EME1 endonuclease, 
SLX4 scaffold protein, RAD52, and POLD3 [165, 166] (Figure 16).   
           
 
Figure 16: Proposed model for mitotic DNA synthesis (MiDAS) [165]. 
 
          As our understanding of the mechanism involved in resolution of TRCs and replication 
restart at TRCs is nascent and speculative, further research is needed not only from the 
replication side but also from the transcription side for better understanding of molecular 
mechabisms underlying restart of DNA synthesis at sites of TRCs. 
 
3.3.4. Physiological and pathological consequences of unresolved TRCs 
DNA transcription-replication conflicts represent a significant endogenous source of 
replication stress. A failure to resolve TRCs could lead to genomic instability, which can act 
as a precursor for disease development. In this context, it is also important to note that gene 
expression patterns differ significantly between different cell and tissue types. As a result, the 
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sites where TRCs occur may vary from one cell type to another. This phenomenon may 
contribute to the development of various diseases if TRCs unresolved in different cell and 
tissue types. As mentioned before, cells are equipped with various mechanisms, which 
function during S-phase and early stage of the M-phase of the cell cycle to resolve TRCs and 
complete DNA synthesis before entering the anaphase. Failure to resolve TRCs may lead to 
mechanical breakdown and missegregation of chromosomes during anaphase. Thus, daughter 
cell genome can udergo chromosomal rearrangements, chromosome copy number variation, 
and mutations, a phenomenon known as genomic instability [167]. Genomic instability is a 
hallmark of cancer and is also known to associated with aging (Figure 17). 
 
 
Figure 17: Chromosome missegregation and its consequences. Unresolved TRCs lead to 
accumulation of under-replicated DNA. Cell going through cell cycle with under-replicated 
DNA may prompt mechanical breakage and missegregation of chromosomes during the 
anaphase. As a result, the daughter cell may accumulate genomic instability [168]. 
           
  Oncogene activation leads to deregulated cell cycle, increased transcription and 
deregulated origin firing, which may induce TRCs and lead to replication stress. Replication 
is present in almost all types of cancer from the earliest stage. In precancerous lesions, 
oncogene activation may induce TRC-associated replication stress and DSBs, which leads to 
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the activation of the DNA damage response (ATM, ATR, and p53). Further, DDR promotes 
cell cycle arrest followed either by DNA repair or senescence or apoptosis, which act as a 
barrier to cancer development.  However, continuous replication stress and associated DNA 
damage may pose selective pressure on the cell to acquire mutations in tumor supressor-like 
p53, that may help cells to escape from apoptosis or senescence, and allows cancer 
development (Figure 18). 
 
 
Figure 18: Model for oncogene-induced replication stress and cencer development [169]. 
  
          There have been several diseases reported to be associated with defects in replication 
stress response signaling pathways. Since ATR has been shown to reduce TRCs and stabilize 
stalled replication forks, lost of ATR may lead to disease development. In agreement with 
this, individuals and animals with a hypomorphic allele of ATR that reduce protein 
expression level, or with mutations in ATR obligate binding partner ATRIP, develop Seckel  
syndrome, which is characterized by developmental delay, microcephaly and mental 
retardation [170-172]. Mutations in the RNaseH 2 cause the neurological disorder known as 
Aicardi-Goutieres syndrome which is charcterized by severe neurological dysfunction [173]. 
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As RNaseH 2 removes misincorporated ribonulceotides and reduce associated TRCs, it is 
possible that defect in this pathway may cause the disease. 
           Several heritable diseases are known to be caused by trinucleotide repeat expansion, 
for example, Friedreich ataxia and Fragile X syndrome [174-176]. As trinucleotide repeat 
regions are known to form RNA-DNA hybrids, it is tempting to speculate that R-loop-
dependent TRCs may occur at these genomic regions and cause DSBs. Aberrant repair of 
these DSBs may lead to repeat expansion and disease development. 
            The annealing helicase SWI/SNF-related matrix-associated actin-dependent regulator 
of chromatin subfamily A-like protein 1 (SMARCAL1) loss results in the development of 
Schimke immunoosseous dysplasia (SIOD) [177], which is characterized by the kidney and 
skeletal abnormalities and immunodeficiency. SMARCAL1 DNA translocase activity plays 
important role in the replication fork reversal upon replication fork stalling, subsequently 
protecting from the fork collapse [154, 178]. Loss of helicase senetaxin in known to be 
associated with at least four neurodegenerative diseases including, amyotrophic lateral 
sclerosis 4 and ataxia-ocular apraxia 2 [179, 180]. It has been reported that senetaxin plays a 
crucial role in the transcription termination, which is important to prevent aberrant R-loops 
and associated TRCs. 
           There are mounting number of studies, suggesting that functional deficiency of factors 
involved in the prevention and resolution of TRCs leads to the development of a wide range 
of diseases. Thus, despite the progress that has been achieved during the last few years, 
extensive studies and new technologies are needed for better understanding of current 
proposed mechanisms as well as for the unraveling new mechanisms that plays a role in the 
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4.1.2. RECQ5 helicase cooperates with MUS81 endonuclease in processing 
of stalled replication forks at common fragile sites during mitosis 
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4.2. Results from collaborative work 
 
4.2.1. Replication fork reversal triggers fork degradation in BRCA2-
defective cells 
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4.2.2. The Mismatch-Binding Factor MutSβ Can Mediate ATR Activation 
in Response to DNA Double-Strand Breaks 
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5. DISCUSSION 
DNA replication and transcription occur on the same DNA template, which can lead to 
conflicts between the replication and transcription machineries. These transcription-
replication conflicts (TRCs) impede replication fork progression, leading to replication stress 
and genomic instability, a hallmark of cancer [77, 78, 95]. Recent studies in bacteria and 
human cells have demonstrated that TRCs in a head-on orientation induces formation of co-
transcriptional R-loops, which block DNA replication [75, 83].  However, how can 
replication forks stalled by R-loops overcome the conflict and restart DNA synthesis is not 
well understood.  
          In our study, by analyzing replication fork progression at a single molecule level using 
DNA fiber assay and electron microscopy, we could show that inhibition of transcription 
with cordycepin or overexpression of RNase H1 suppressed replication fork slowdown and 
reversal induced by TOP1 inhibition with camptothecin (CPT) or G4 DNA stabilization with 
pyridostatin (PDS). Moreover, inhibition of transcription or overexpression of RNase H1 
significantly suppressed fork asymmetry in cells treated with CPT or PDS. Thus, these results 
suggest that CPT and PDS treatments lead to the formation of co-transcriptional R-loops, 
which act as a roadblock for replication fork progression. Further, we could demonstrate that 
depletion of RAD51 or inhibition of PARP1 promoted rescue of replication fork slowdown 
induced in cell treated with CPT or PDS. Consistently, previous studies have reported that 
CPT-induced replication fork slowdown is associated with RAD51-mediated replication fork 
reversal [156, 186]. Taken together, we propose that replication fork stalling by co-
transcriptional R-loops is an active process that involves RAD51-mediated fork reversal.  
          We show that the proteins involved in mitotic DNA synthesis (MiDAS) at CFSs [165, 
166], namely, MUS81/EME1 endonuclease, SLX4, RAD52 and POLD3 are required for the  
rescue of CPT- or PDS-induced replication fork slowdown by RAD51 depletion or PARP 
inhibition.  Moreover, depletion of MUS81 significantly enhanced the sister fork asymmetry 
in cells treated with CPT or PDS and abolished the rescue of this phenotype by PARP 
inhibition. Further, we could show that depletion of either of the aforementioned proteins 
enhanced the inhibitory effect of CPT and PDS on replication fork progression and 
compromised efficient restart of DNA synthesis following CPT or PDS treatment. 
Interestingly, we found that HR factors are dispensable for restart of DNA synthesis at 
replication forks stalled upon treatment of cells with CPT or PDS. Together, these findings 
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suggest that stalled replication forks, initially stabilized by RAD51-mediated fork reversal, 
are subsequently channeled into a replication restart pathway mediated by MUS81-EME1, 
SLX4, RAD52, and POLD3. Previously, it has been reported that ERCC1, a subunit of 
another structure-specific endonuclease interacting with SLX4, ERCC1-XPF, plays an 
important role in the resolution of stalled replication forks at CFSs during early mitosis [205]. 
It will be interesting to test whether the ERCC1-XPF complex also plays a role in the restart 
of stalled replication forks at sites of TRCs during S-phase. 
          Recent studies have demonstrated that RECQ5 DNA helicase efficiently disrupts 
RAD51 nucleoprotein filaments [206], and that RECQ5 depletion leads to replication fork 
stalling in actively transcribed genes and accumulation of RAD51 nuclear foci formed as a 
consequence of transcription-replication interference [129]. Interestingly, another RecQ DNA 
helicase, RECQ1, has been shown to act as a crucial factor in the restart of stalled replication 
forks in CPT-treated cells [160]. These studies provoked us to consider that these RecQ DNA 
helicases have a role in the restart of stalled replication forks at sites of TRCs during S-phase. 
In agreement with our hypothesis, we found that depletion of RECQ5 or RECQ1 
compromised the rescue of CPT- or PDS-induced replication fork slowing by PARP 
inhibition as well as the restart of DNA synthesis following CPT or PDS treatment. 
Interestingly, RECQ5 was dispensable for the rescue of CPT- or PDS-induced replication 
fork slowdown by depletion of RAD51. Thus, we propose a model wherein RECQ5 initiates 
replication restart by disrupting RAD51 filaments on stalled replication forks induced by 
TRCs. Further, in support of our model, we could show that ZRANB3 depletion-mediated 
rescue of replication fork slowdown induced by CPT treatment [155] was abolished by co-
depletion of RECQ5, but not RECQ1. These data not only confirm that RECQ1 promotes 
replication restart by converting reversed forks into three-way junctions, but also support the 
proposal that RECQ5 eliminates RAD51 filaments on stalled forks prior to fork reversal. 
Consistently, using electron microscopy, we could show that RECQ5 depletion leads to 
accumulation of reversed forks both in non-treated and CPT-treated cells, which was 
comparable with the frequency of reversed forks observed upon depletion of the MUS81 
endonuclease complex. Further, an elevated frequency of reversed forks was seen in cells 
expressing RECQ5 mutants that are defective in disrupting RAD51 filaments. Taken 
together, we concluded that RECQ1 converts reversed forks to three-way junctions, while 
RECQ5 disrupts RAD51 nucleoprotein filaments at the junction of three-way fork structures, 
thereby generating a suitable substrate for the MUS81-EME1 endonuclease-mediated 
cleavage. In addition to RAD51, RECQ5 has been shown to interact with the Ser2,5-
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phosphorylated C-terminal repeat domain (CTD) of the largest subunit of RNAPII, RPB1, by 
means of a Set2-Rpb1-interacting (SRI) motif located at the C-terminus of RECQ5 [207]. It 
will be interesting to explore the functional relevance of RECQ5 interaction with 
phosphorylated form RNA Pol II in the context of resolution of TRCs.  
          Previous studies have shown that inhibition of PARP activity in CPT-treated cells leads 
not only to the restoration of replication fork progression, but it is also associated with 
accumulation of DSBs [160, 186]. By pulsed-field gel electrophoresis, we could observe that 
PARP inhibition enhanced DSB formation not only in CPT-treated but also in PDS-treated 
U2OS cells. Moreover, our results showed that DSB accumulation under these conditions 
was significantly reduced by inhibition of DNA replication or transcription, or by 
overexpression of RNase H1, suggesting that DSBs are generated as a consequence of TRC-
induced R-loops and might represent an intermediate in the process of TRC resolution. Most 
importantly, we found that depletion of MUS81, EME1 or SLX4 as well as depletion of 
RECQ5 prevented accumulation of DSBs in CPT- and PDS-treated cells upon PARP 
inhibition. Together, these results suggest a mechanistic connection between the formation of 
DSBs and resolution of R-loops-mediated TRCs. Thus, it is possible that the initial responses 
like fork reversal and its stabilization triggered at stalled replication forks induced by TRCs 
may provide some time to resolve TRCs. Once the transcription block is removed, reversed 
forks can be unwound by RECQ1 helicase to resume DNA synthesis.  However, the big 
problem that could arise with this pathway is that how can two crucial macromolecular 
complexes by-pass each other without disassociating from the template DNA strand. If the 
TRCs persist, it may lead to accumulation of stalled replication forks, which are a major 
source of problem for growing cells and must be dissolved and restarted for replication to be 
completed and chromosomes to be segregated properly into daughter cells. In this case, based 
on our results, we propose that the switch from the reversed fork like structures to normal 
fork like structures mediated by RecQ DNA helicases and subsequent DSBs generated by 
MUS81/EME1-SLX4 structure-specific endonuclease is critical for the resolution of TRCs. 
We propose that the cleavage of R-loop-stalled replication forks by MUS81-EME1 is crucial 
for the release of positive DNA supercoiling generated by converging transcription and 
replication machineries, which would facilitate the subsequent restart of DNA synthesis. 
          It has been proposed that DNA synthesis initiated at stalled replication forks by 
MUS81 endonuclease, RAD52 and POLD3 is mediated by break-induced replication (BIR), 
which is a conservative form of DNA replication [161, 166, 183, 184]. In contrast, we found 
that the nascent DNA strands generated by MiDAS segregate predominantly with both sister 
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chromatids, which is characteristic of a semiconservative mode of DNA replication. In 
addition, our results revealed that the nascent DNA strands synthesized after replication 
restart at R-loops in S-phase are sensitive to HU-induced resection in BRCA2-deficient cells, 
which requires reversed forks [157]. Taken together, our data suggest that the MUS81 
pathway initiates semiconservative DNA replication, at least upon replication fork stalling by 
R-loops. Studies in yeast have shown that BIR-mediated restart of collapsed replication forks 
is majorly dependent upon the Rad51 recombinase, which promotes BIR initiation by 
catalyzing D-loop formation [198]. However, the human RAD51 and its loader BRCA2 are 
not required for MiDAS as well as for the restart of R-loop-stalled replication forks in S-
phase [156, 165]. Instead, RAD51 restricts replication restart by promoting fork reversal 
[156]. Therefore, we conclude that RAD51-dependent BIR does not play a major role in the 
restart of DNA synthesis at R-loop-mediated stalled replication forks. 
           Recently, several studies have shown that RAD52 promotes single-stranded DNA 
annealing [208-210]. These studies encouraged us to consider the possibility that the 
reestablishment of semiconservative mode of DNA replication after fork cleavage by 
MUS81/EME1 occurs by RAD52-mediated re-annealing of parental DNA strands. In this 
case, replication restart would be promoted by the activity of a DNA ligase able to seal the 
nick in the leading strand template. In support of this hypothesis, we have found that the 
rescue of CPT- or PDS-induced replication fork slowdown by PARP inhibition as well as the 
restoration of efficient DNA synthesis following CPT or PDS treatment was significantly 
compromised by depletion of the LIG4/XRCC4 complex or by mutational inactivation of its 
DNA ligation activity. Moreover, cells lacking RAD52 or LIG4 showed elevated levels of 
MUS81-induced DSBs upon treatment with CPT. Thus, these findings suggest that 
replication restart upon R-loop-mediated TRCs occurs via replication fork breakage and 
religation. Biochemical studies have demonstrated that the LIG4-XRCC4 complex can 
catalyze the ligation of both linear and nicked DNA substrate, but it catalyzes only a single 
ligation event due to the inability to undergo re-adenylation [211]. It has been shown that the 
XRCC4-like factor XLF-Cernunnos interacts with the LIG4-XRCC4 complex and stimulate 
its catalytic activity by promoting re-adenylation of the enzyme following ligation [212, 213]. 
Thus, it will be interesting to test the role of XLF in replication fork restart upon R-loop-
mediated TRCs. 
 Our results have shown that restart of DNA replication after cleavage of R-loop-
stalled replication forks by MUS81/EME1 endonuclease requires active transcription. Based 
on this finding, we propose that fork religation and reactivation of DNA synthesis occurs 
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after the passage of active transcription complex. Recently, it has been shown that Eleven-
nineteen Lysine-rich Leukemia (ELL) protein, a component of the Little Elongation Complex 
(LEC), is involved in transcription restart after removal of transcription-blocking DNA 
lesions by the nucleotide excision repair machinery [214]. Thus, it will be interesting to 
explore the role of ELL in transcription restart during resolution of R-loop-mediated TRCs. It 
will be also interesting to check whether replication restart upon R-loop-mediated TRCs is 
dependent on factors like P-TEFb, shown to be involved in reactivation paused RNA Pol II 
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